Rationale: Vascular calcification is highly associated with cardiovascular morbidity and mortality, especially in patients with chronic kidney disease. The nuclear receptor farnesoid X receptor (FXR) has been implicated in the control of lipid, carbohydrate and bile acid metabolism in several cell types. Although recent studies have shown that FXR is also expressed in vascular smooth muscle cells, its physiological role in vasculature tissue remains obscure. Objective: Here, we have examined the role of FXR in vascular calcification. Methods and Results: The FXR gene, a bile acid nuclear receptor, was highly induced during osteogenic differentiation of bovine calcifying vascular cells (CVCs) and in the aorta of apolipoprotein (Apo)E ؊/؊ mice with chronic kidney disease which are common tissue culture and mouse model, respectively, for aortic calcification. FXR activation by a synthetic FXR agonist, 6␣-ethyl chenodeoxycholic acid (INT-747) inhibited phosphate induced-mineralization and triglyceride accumulation in CVCs. FXR dominant negative expression augmented mineralization of CVCs and blocked the anticalcific effect of INT-747 whereas VP16FXR that is a constitutively active form reduced mineralization of CVCs. INT-747 treatment also increased phosphorylated c-Jun N-terminal kinase (JNK). SP600125 (specific JNK inhibitor) significantly induced mineralization of CVCs and alkaline phosphatase expression, suggesting that the anticalcific effect of INT-747 is attributable to JNK activation. We also found that INT-747 ameliorates chronic kidney disease induced-vascular calcification in 5/6 nephrectomized ApoE ؊/؊ mice without affecting the development of atherosclerosis. Conclusions: These observations provide direct evidence that FXR is a key signaling component in regulation of vascular osteogenic differentiation and, thus representing a promising target for the treatment of vascular calcification.
V ascular calcification is very common in subjects with chronic kidney disease (CKD) and is an independent predictor of cardiovascular mortality. [1] [2] [3] [4] [5] [6] Accumulation of calcium-phosphate complex in vascular wall decreases aortic elasticity and flexibility, which impairs cardiovascular hemodynamics, resulting in substantial morbidity and mortality. This process was considered to be passive. However, recent studies have shown that it is a highly orchestrated process that entrains a repertoire of transcription factors including msh homeo box (Msx)2, 7 osterix, 6 and runt-related transcription factor (Runx)2 8 and involves the activation of an osteogenic program that recapitulates the molecular fingerprints seen in bone formation. Vascular calcified cells express many bonerelated proteins, including alkaline phosphatase (ALP) and type I collagen (COL1A1). [5] [6] [7] In addition, in vitro and in vivo models of vascular calcification have implicated a variety of factors in the pathogenesis of calcification, including osteoprotegrin, osteopontin, osteocalcin (OCL), matrix ␥-carboxyglutamic acid protein (MGP), phosphate, inflammatory cytokines, lipids and reactive oxygen species. 6 Despite these insights, it is still not fully known how vascular calcification is regulated and potential treatment modalities for this disease remain elusive.
In addition to their detergent effects on dietary lipids and fat-soluble vitamins absorption, bile acids exert several biological functions via a number of nuclear and plasma membrane receptors, including farnesoid X receptor (FXR), TGR5, vitamin D receptor, and pregnane X receptor. 8 -11 Thus, bile acids are signaling molecules governing not only bile acid synthesis, conjugation and transport, but also lipid, carbohydrate and energy metabolism.
FXR is a member of the nuclear receptor family of transcription factors activated by bile acids, the most potent endogenous ligand being chenodeoxycholic acid. 12, 13 FXR is highly expressed in tissues in which bile acids are present at high concentration, such as liver, kidney and intestine. Analysis of FXR function using genetically deficient mice and synthetic agonists has established the important role of this receptor in the control of bile acid, lipid and carbohydrate metabolism. 14 -16 Recent studies have also shown that functional FXR is expressed in vascular cells, including vascular smooth muscle cells and endothelial cells. [17] [18] [19] FXR expression is also observed in the atherosclerotic lesions of human aorta. 17 FXR directly and indirectly regulates the transcription of genes involved in lipoprotein metabolism such as SR-BI, apolipoprotein (Apo)AI, ApoCII, ApoCIII, phospholipid transfer protein, sterol regulatory element binding protein (SREBP)-1c, and very-low-density lipoprotein receptor. 8, 12, 15, 16 Studies using FXR Ϫ/Ϫ mice have shown that FXR deficiency increases plasma triglycerides, cholesterol and high-density lipoprotein cholesterol, whereas administration of FXR agonists reduces plasma triglycerides. 20 -23 However, the role of FXR in modulation of atherosclerosis is controversial. 24 -28 In addition the role of FXR in vascular calcification development has not yet been studied.
In the present study, we have found that FXR is highly upregulated during osteogenic differentiation in bovine calcifying vascular cells (CVCs) and in the aorta of ApoE Ϫ/Ϫ mice with CKD. In addition, FXR activation with the specific agonist 6␣-ethyl chenodeoxycholic acid (INT-747) blocks mineralization, lipid accumulation and osteogenic differentiation in CVCs. We also have examined the effects of INT-747 administration to apolipoprotein E-deficient (ApoE Ϫ/Ϫ ) mice with CKD induced by 5/6 nephrectomy. INT-747 treatment ameliorates CKD-induced vascular calcification in ApoE Ϫ/Ϫ mice without affecting the development of atherosclerosis. These observations suggest that FXR activation may represent a promising therapeutic agent for intervention in CKD-induced vascular calcification.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Both 5/6 nephrectomized and sham-operated ApoE Ϫ/Ϫ mice were purchased from Jackson Laboratory. At 8 weeks of age, animals were fed a Western diet with or without INT-747 for 12 weeks. CVCs were cultured in DMEM containing 15% FBS with 2.0 mmol/L phosphate.
Results

FXR Is Highly Induced in the In Vitro and In Vivo Models of Vascular Calcification
Members of the nuclear hormone receptor superfamily are transcription factors that regulate diverse pathways of metabolism. In addition to acting as molecular sensors of lipid and carbohydrate homeostasis, several members of the nuclear receptor family (eg, eroxisome proliferator-activated receptor, retinoid X receptors, and liver X receptors [LXRs]) also exert beneficial pleiotropic effects to ameliorate atherosclerosis and its complications. However, the role of nuclear receptors in the development of vascular calcification is still unclear. To examine which nuclear receptors may be involved in vascular calcification and to identify nuclear receptor genes that were altered during osteogenic differentiation of vascular cells, we used a quantitative RT-PCR array to analyze all nuclear receptor genes with exception of EAR2, whose cDNA sequence is currently not available. To induce calcification, bovine vascular cells at 90% to 95% confluence were cultured with 2 mmol/L phosphate (high phosphate) for 14 days. High phosphate treatment promoted mineralization ( Figure 1A and 1C), consistent with previous reports. Interestingly, calcified nodules accumulate neutral lipids stained by Oil Red O ( Figure 1B ). Thin layer chromatography and quantitative analysis showed that triglycerides ( Figure 1D and 1E) and total cholesterol ( Figure 1F ) levels were increased by 7.2-fold and 1.3-fold, respectively, in CVCs treated with 2 mmol/L phosphate. RNA from these cells was subjected to quantitative RT-PCR analysis. We identified 15 nuclear receptor genes with distinct levels of expression, 7 of which were markedly induced during osteogenic calcification of CVCs (Table) . The gene encoding mineralocorticoid receptor (MR) ranked the highest in this analysis, followed by FXR, HNF4␣, COUP-TF1, RXR␣, VDR, and RAR␥ gene. In this study, we focused on determining the role of FXR in the pathogenesis of vascular calcification because MR has already been reported to promote vascular calcification. 29 FXR mRNA and protein levels were time-dependently induced during vascular osteogenic differentiation and increased by 14.5-fold in calcified cells at day 21 of culture compared to noncalcified cells (Figure 2A and 2A, inset). As expected, osteogenic markers such as ALP ( Figure 2B 2C), and OCL (data not shown) mRNAs were also induced during osteogenic differentiation. We then examined aortic FXR expression in mouse models of vascular calcification. Consistent with previous reports, 30 5/6 nephrectomized ApoE Ϫ/Ϫ mice fed a Western diet for 24 weeks exhibited a significant acceleration of atherosclerosis and vascular calcification compared to ApoE Ϫ/Ϫ mice with normal 2 kidneys. Atherosclerotic plaque size was increased by in 84% in 5/6 nephrectomized ApoE Ϫ/Ϫ (Online Figure I Figure 2D ). mRNA expression of the osteogenic markers ALP and OCL was significantly higher in 5/6-nephrectomized ApoE Ϫ/Ϫ mice fed with either Western or control diet ( Figure 2E and 2F).
FXR Activation Blocks Phosphate-Induced Mineralization and Triglyceride Accumulation in Bovine Vascular Cells
Because FXR mRNA was highly induced in both in vivo and in vitro vascular calcification models, we examined the effect of FXR activation in vascular calcification. CVCs were treated with an FXR agonist INT-747 to test whether FXR activation influences phosphate induced-mineralization. Alizarin red staining revealed that the treatment with INT-747 dose-dependently reduced phosphate induced-mineralization of CVCs ( Figure 3A ). Calcium content of CVCs was increased by 18.2-fold in response to 2 mmol/L phosphate compared to 1 mmol/L phosphate. Consistent with Alizarin red staining, INT-747 treatment dose-dependently decreased calcium content in CVCs under both high and normal phosphate conditions. A concentration of 3 mol/L INT-747 reduced calcium content by 79% in normal phosphate and 83% in high phosphate conditions ( Figure 3B ). INT-747 treatment also reduced triglyceride content but not cholesterol content. At the 3 mol/L concentration, triglyceride level was reduced by 38% and 64% in the presence of 1 mmol/L and 2 mmol/L phosphate, respectively ( Figure 3C ). To determine whether the anticalcific effect of INT-747 is via FXR activation, we overexpressed FXR dominant negative (DN) 31 and wild-type FXR in CVCs using Lenti-X lentiviral expression system. Figure 3D and 3E shows that FXR DN expression significantly increased calcium content in CVCs but also blocked the anti calcific effect of INT-747. Wild-type FXR overexpression did not affect mineralization of CVCs and the anticalcific effect of INT-747 ( Figure 3E and 3G). Because wild-type FXR overexpression was not effective to inhibit mineralization of CVCs, we treated CVCs with adenovirus expressing VP16FXR that is a constitutively active form. The overexpression of VP16FXR was able to reduce mineralization of CVCs by 54% ( Figure 3F 
The Anticalcific Effect of INT-747 is Attributable to Activation of c-Jun N-Terminal Kinase
To understand the mechanisms by which FXR activation blocks mineralization of CVCs, we examined whether FXR activation influences a cell signaling involved in vascular calcification. Previous studies have shown that mitogen-activated protein kinase (MAPK) and AKT path- ways are involved in osteogenic differentiation and mineralization of vascular cells. 11, 33 INT-747 treatment significantly increased phosphorylated c-Jun N-terminal kinase (p-JNK) level by 3.1-fold. Interestingly, total JNK protein was significantly lowered in INT-747-treated CVCs; p-extracellular signal-regulated kinase (ERK), total ERK, p-p38 MAPK, p-Akt, and GAPDH were not different ( Figure 4A ). We therefore hypothesized that the activation of JNK contributes the anticalcific effect of INT-747. Consistent with our hypothesis, A JNK-specific inhibitor SP600125 dose-dependently induced phosphate-induced mineralization of CVCs ( Figure 4B and 4C ). The treatment with SP60012 at 20 mol/L for 14 days also induced ALP, COL1A1, Msx2 and osterix expression by 3.2-, 3.8-, 5.6and 7.3, respectively ( Figure 4D ). The 24 hours treatment also induced ALP, COL1A1 and Msx2 by 11-, 39-, and 4.5-fold, respectively, whereas osterix expression was not altered (data not shown).
Msx2 and Osterix Augments Mineralization and Osteogenic Differentiation of CVCs
To determine whether Msx2 and osterix mediate phosphate induced-calcification, Msx2 and osterix were overexpressed using adenoviral expression system. CVCs were pretreated adenovirus expressing Msx2 and osterix at 40 multiplicities of infection for overnight and then cultured for 7 days in the presence of high phosphate. Msx2 and osterix overexpression (Online Figure VI) increased calcium levels in CVCs by 9.3-fold and 3.7-fold, respectively (Online Figure VI, B and C) . In addition, Msx2 and osterix overexpression induced ALP expression by 10.7-fold and 5.7-fold, respectively and COL1A1 by 8.0-fold and 7.4-fold, respectively (Online Figure VI, D) . 
FXR Activation Prevents the Development of Vascular Calcification in ApoE ؊/؊ With Chronic Kidney Disease
To examine whether FXR activation protects against in vivo vascular calcification, we treated 5/6 nephrectomized ApoE Ϫ/Ϫ mice with INT-747 at either 10 or 20 mg/kg for 12 weeks. There were no significant differences in body weight and food intake among the experimental groups. Blood cholesterol, triglyceride and phosphorus levels were significantly higher in ApoE Ϫ/Ϫ mice compared to C57BL/6 control mice. Blood urea nitrogen and serum phosphorus levels were higher in ApoE Ϫ/Ϫ mice with 5/6 nephrectomy than 2 kidney control, confirming that ApoE Ϫ/Ϫ mice developed CKD induced by 5/6 nephrectomy. Table I ).
Atherosclerotic lesions in male ApoE Ϫ/Ϫ mice were quantified by en face analysis of aortas after 12 weeks on a Western diet in the presence or absence of the FXR agonist. Quantification of Sudan IV-stained en face preparations of aortas showed that atherosclerosis developed in ApoE Ϫ/Ϫ mice with 2 kidneys and was accelerated by 5/6 nephrectomy. No atherosclerotic plaque formation was observed in C57BL/6 mice. Unexpectedly, however, INT-747 treatment at both 10 and 20 mg/kg doses had no effect on atherosclerotic plaque formation in ApoE Ϫ/Ϫ mice with CKD ( Figure 5A ). In contrast, 5/6 nephrectomized ApoE Ϫ/Ϫ mice receiving the LXR agonist GW3965 at 5 mg/kg as a positive control exhibited a statistically significant 84% reduction in average lesion area (S.M., M.L., and M.M., unpublished data, 2010). To examine the effectiveness of INT-747 in influencing aortic calcification, the calcium content in the whole aorta was analyzed. Consistent with Online Figure I , Figure 5B shows that aortic calcium content was significantly increased in ApoE Ϫ/Ϫ mice and was further increased by CKD. The groups receiving both 10 and 20 mg/kg INT-747 showed a statistically significant 61% and 66% reduction in aortic calcium content compared to untreated ApoE Ϫ/Ϫ mice with CKD. To further demonstrate the anti-vascular calcific effect, aortic sinus lesions from ApoE Ϫ/Ϫ mice with CKD were analyzed with Von Kossa staining. Quantification of calcified lesion revealed that a significant 81% reduction in calcified lesion area in mice treated with 10 mg/kg INT-747 compared with untreated controls (Figure 5C and 5D ). No significant difference was observed in atherosclerotic lesion between vehicle and 10 mg/kg INT-747 groups, consistent with en face analysis (1 704 582Ϯ61 545 versus 1 733 145Ϯ53 813 m 2 ).
Because vascular calcification is known to be associated with increased expression of genes involved in osteogenesis, we examined whether INT-747 affects aortic osteogenic gene expression in ApoE Ϫ/Ϫ mice with CKD. Consistent with previous reports, CKD induced osteogenic marker genes such as ALP, osteopontin, OCL, MGP and genes encoding osteogenic transcription factors including Msx2 and osterix. 5 Treatment with INT-747 reduced aortic mRNA levels of osteogenic markers (ALP, OPN, OCL and MGP) and osteogenic transcription factors (Msx2 and osterix). Aortic mRNA level of bone morphogenetic protein 2 was unchanged by INT-747 treatment (data not shown). The FXR target gene SHP was induced by INT-747 treatment, whereas SREBP-1c and its target genes including fatty acid synthase and ACC1 were reduced in ApoE Ϫ/Ϫ mice treated with INT-747 ( Figure 6 ).
Discussion
Members of the nuclear hormone receptor superfamily are transcription factors that regulate diverse pathways of metabolism. In addition to acting as molecular sensors of lipid, carbohydrate and mineral homeostasis, several members of the nuclear receptor family (eg, peroxisome proliferator-activated receptors and LXRs) also exert beneficial pleiotropic effects to ameliorate atherosclerosis and its complications. 34 In this study, we examined which nuclear receptor(s) is involved in the development of vascular calcification, a major complication in subjects with CKD and a strong predictor of cardiovascular mortality. We first analyzed gene expression of 47 nuclear receptors in CVCs, an in vitro model of vascular calcification. We found that 8 genes encoding nuclear receptors, including MR and FXR, were dramatically induced during osteogenic differentiation of CVCs (Table I) aldosterone promotes vascular osteogenic differentiation and mineralization of CVCs, 29 we focused our studies to determine the role of FXR activation in the development of vascular calcification. This study demonstrates that a synthetic FXR agonist, INT-747 inhibits mineralization and osteogenic differentiation of cultured vascular cells. The anticalcific effect of INT-747 was blocked in CVCs expressing FXR DN. Consistent with FXR activation by INT-747 treatment, VP16FXR expression also inhibits mineralization of CVCs. In addition, FXR activation increased phospho-JNK in CVCs. SP600125 (JNK-specific inhibitor) significantly increased phosphate induced-mineralization of CVCs. These results suggest that the anticalcific effect of INT-747 is attributable to JNK activation. We also found that FXR activation prevents the development of CKD inducedvascular calcification in ApoE Ϫ/Ϫ mice without affecting the development of accelerated atherosclerosis. These observations suggest that FXR mediates inhibitory signaling in vascular calcification, similar to be known inhibitory signaling factors such as osteocalcin, osteoprotegrin and osteopontin that are also increased in the osteogenic process. Our observations from in vivo and in vitro experiments suggest that direct effects of FXR agonist on vascular smooth muscle cells in the artery wall are responsible for the anti-vascular calcific effects. Consistent with this hypothesis, we found that reduction of mineralization by INT-747 correlates with the reduction of genes involved in osteogenic differentiation. INT-747 also reduces crucial transcription factors involved in osteogenic differentiation such as Msx2 and osterix in the both CVCs and aorta of ApoE Ϫ/Ϫ mice. These results suggest that these transcription factors are targets of FXR and that the reduction of these osteogenic transcription factors may contribute to the anticalcific effects of INT-747. Consistent with the reduction of mineralization and osteogenic transcription factor expression, other osteogenic markers including ALP, OCL, MGP, and COL1A1 were reduced in both aorta of CKD-ApoE Ϫ/Ϫ mice and CVCs treated with INT-747. In addition, SP600125 treatment induced Msx2 and osterix expression, suggesting that JNK activation mediates the reduction of Msx2 and osterix expression by INT-747. Taken together, these results suggest that FXR is a key regulator in regulation of osteoblastic differentiation of vascular cells.
Inflammatory cytokines and oxidative stress induced by macrophages are also known to contribute to the development of vascular calcification and atherosclerosis. 11, [35] [36] [37] ApoE Ϫ/Ϫ mice with CKD show increased macrophage infiltration (CD68 and F4/80) and inflammatory maker gene (TNF␣ and IL-1␤) expression compared to normal ApoE Ϫ/Ϫ mice (Online Figure VII) . However, INT-747 treatment did not affect macrophage infiltration or inflammatory cytokine expression induced by CKD. In addition to the evidence showing absence of expression of FXR in macrophages, 24, 27 these results support our hypothesis that INT-747 directly inhibits osteogenic differentiation in vascular smooth muscle cells. We cannot completely exclude the possibility that FXR activation in tissues other than vascular smooth muscle cells (ie, liver, small intestine, and kidney) contributes to the anticalcific effect of INT-747. In fact, we found that INT-747 treatment reduced hepatic neutral lipids (triglyceride and cholesterol) and altered hepatic (SHP, CYP7Al, and SREBP-1c) gene and intestinal gene (FGF-15) expression, consistent with previous reports. [12] [13] [14] [15] 21 The reduction in vascular calcification is also accompanied by a reduction in circulating triglycerides but not cholesterol. Because circulating triglyceride level is a risk factor for vascular diseases, the reduction of circulating triglycerides may be involved in the reduction of vascular calcification. Studies with tissue-specific FXR knock out and transgenic mice would be of considerable interest to determine the contribution of systemic effects of alterations in serum lipid levels versus the direct effect of FXR in the vasculature. This is the first report showing that calcified vascular cells accumulate not only minerals but also neutral lipids (Figure 1 ). Quantitative lipid analysis showed that the accumulated neutral lipid was triglyceride, which was reduced by INT-747 treatment. The data suggests that the accumulation of lipids contributes to mineralization and osteogenic differentiation of CVCs. Furthermore, in both CVCs and aorta of ApoE Ϫ/Ϫ mice with CKD, INT-747 treatment increased expression of a major FXR target gene, SHP, which is required for the antilipogenic and the triglyceride-lowering effect of FXR agonists in the liver by interacting with LXRs. 21 We also found that INT-747 reduced SREBP-1 gene and its target lipogenic genes including fatty acid synthase and ACC in CVCs and also in aorta of ApoE Ϫ/Ϫ mice consistent with reduced triglyceride level. A recent study reported that LXR activation by synthetic LXR agonists accelerates protein kinase A induced-mineralization in mouse vascular smooth muscle cells. 38 Consistent with this report, we also found that LXR activation increased SREBP-1c expression and triglyceride level in CVCs, thereby accelerating phosphate-induced mineralization of CVCs (unpublished data, S.M.-A. and M.M.). The inhibition of LXR-SREBP1c pathway; thus, antilipogenic program by FXR agonist may also be playing an important role in the anticalcific effect. Additional studies to ascertain the involvement of SHP and SREBP-1 in the anticalcific effect of FXR agonist and the development of vascular calcification are currently underway.
The influence of FXR on the development of atherosclerosis has been controversial. In male ApoE Ϫ/Ϫ mice, FXR deficiency increased atherosclerotic lesions in mice fed a Western diet containing 1.25% cholesterol. 25 In contrast to males, female FXR Ϫ/Ϫ ; ApoE Ϫ/Ϫ double mutant mice fed a high fat cholesterol-free diet showed a significant reduction of atherosclerotic lesion formation. 24 In LDLR Ϫ/Ϫ mice, loss of FXR reduced atherosclerotic lesion size in male but not in female mice. 27 In addition, 2 recent publications showed that FXR activation by synthetic FXR agonists including INT-747 prevents atherosclerotic lesion formation in LDLR Ϫ/Ϫ and ApoE Ϫ/Ϫ mice. 26, 28 Males were used in this study because males are more sensitive to CKD-induced vascular diseases than females and the antiatherogenic effect of INT-747 was previously studied in males. 26, 28 In the present study, INT-747 treatment did not prevent CKD-induced atherosclerosis in ApoE Ϫ/Ϫ mice. The differential response of INT-747 to atheroscle-rosis between this study and the study by Mencarelli et al is probably attributable to the differences in kidney function, although the administration method (oral gavage versus dietary administration) is also different. 26 A recent study has shown that FXR activation improves diabetic nephropathy. 39 These data suggest that the normal kidney function may be required for the antiatherosclerotic effect of FXR agonists and that FXR activation is not effective in preventing CKD-induced atherosclerosis.
In summary, FXR expression is increased during osteogenic differentiation of vascular cells which likely plays an inhibitory role in vascular calcification. Indeed, we have provided evidence that FXR activation inhibits aortic calcification in ApoE Ϫ/Ϫ with CKD without affecting the development of atherosclerosis. FXR activation also directly inhibits mineralization of vascular cells. Clinical studies have demonstrated that more than half of patients with chronic kidney disease die of cardiovascular diseases, including advanced calcific arterial disease. 2, 4 However, no pharmacological therapies have yet been shown to prevent disease progression. Therefore, the present data will be valuable in directing future efforts in the development of FXR agonists to treat CKD induced-vascular calcification.
